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ABSTRACT 

This report is concerned with the highlights of and 
the uncertainties connected-with calculating the radiative 
heating experienced by the face of a vehicle re-entering the 
earth's atmosphere-at lunar return velocities. A description 
of the physical processes occurring as the air moves through 
and away from the shock front of a re-entry vehicle is first 
presented. Such a description leads to'a natural splitting 
of radiative heating into two components, equilibrium and non- 
equilibrium radiative heating, Separate constderations of 
these two components leads to the following major conclusions: 
(1) Present equilibrium radiative-heating-calculations are 
uncertain by at least a factor of three; '.Phis uncertainty is 
mainly due to incomplete,knowledge of the-radiative intensity 
of hot air as a function of its temperature and-density. (2) 
Present predictions of nonequilibrium radiative heating are 
uncertain by about a factor of two-due to lack of precise 
experimental data. However, it is shown that the level of 
nonequilibrium radiation is so small compared to the total 
heating expected to be experienced by the Apollo CM, that this 
uncertainty will not affect the CM heat shield design, ( 3 )  
To obtain any major improvement of the uncertainty present in 
radiative heating calculations, future work should concentrate 
on obtaining improved radiative intensity tables for high 
temperature air. 

This report should be considered as preliminary and 
serving as background for future work which will more explicitly 
deal with the ~e-n.*lf=== -* L1-- Apollo CM, 
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TECHNICAL HEMORANDUM 

I e INTRODUCTION 

This report is concerned with-a description of the 
radiative heating experienced-by vehicles entering-the Earth's 
atmosphere at lunar return velocities;- To-this-end, we will 
first give a simplified descrfption of theiphysical processes 
involved. Such a description-will enable-us.to split the 
radiative heating into two components;-eqnllibrlum and non- 
equilibrium, each of which will then be-discussed at length. 
Our discussions will be kept-as-genera2 and simpPe-as possible 
with the aim being to explafn as-many.of-the highlights and 
difficulties of calculating radiative-heating-without intro- 
ducing unnecessary detail. This background will thus set the 
stage for future work explicitly dealing with re-entry of the 
Apollo CM where more detafl and a critical analysis of the 
uncertainties-will be presented. 

In calculating-therradiative heating-experienced by 
a re-entry,vehicle, knowledge-of-the local temperature in the 
flow field about the vehi.cle,is required. 
of the-temperature and density distribution in-the flow field 
enables an integration to-be.performed.which gives-the radiative 
heating flux input at- a given point on- the re-entry vehicle. 
That is, each elemental volume in the flow field-may be thought 
of as a radiating body with an effective emissive-power which 
is obtainable from tables if the temperature and density of 
the elemental volume are known. The radiative-heating rate 
at a given point on the vehlcle is then obtainable by integrating 
over the elemental volumes-in-the flow field which*.are seen by 
the given point,. A detailed description. of- this-process, includ- 
ing the emissive power tables, will be reserved-until a later 
section, In this*section only a simplified description of the 
physical processes-involved in radiative-heating-will be given. 

The important physics-in radiative heating is a 
knowledge of how the temperature changes as the-air moves through 
the flow field, This change-in temperature is schematically 
shown in Figure 1, 
flow in front of the re-entry shock where the air is moving, 
relative to the vehicle; with a velocity U,, and has the ambient 
temperature and density of To, and P,. 
corresponding to-a T, of a few hundred-OK is small relative to 

Detailed-information 

Region-A of the figure represents the air 

Since the thermal energy 
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the kinetic energy at’lunar return, the total energy of the 
air is approximately equal to its kinetic energy. 
initial re-entry speed of 36,000 ftlsec, this kinetic energy 
is 26,000 BTU per lb, of air, or about 18 ev per molecule. 
As the-air passes through the shock front, almost-all of this 
kinetic energy is transferred to internal and thermal energy, 
since the flow speed goes subsonic as air moves through the 
shock front of a blunt re-entry veliicle, In absorbing this 
kinetic energy, all possible thermal modes of the air molecules 
are used, However, not all the modes-have the same excitation 
times. Usually the translational-rotational modes are the first 
to absorb the energy, with the vibrational-dissociational- 
fonfzatfonal-elestronic modes lagging behindo The specific 
lag time for these latter modes depends on collision rates, 
which in turn have a density dependence; This means as the 
air moves through the shock front, practically all the free- 
stream kinetic energy is initially transferred into translational- 
rotational thermal motions of the air molecules., Of course, 
the work done in compressing the gas in moving through the 
shock must be subtracted from the initial kinetic energy. 

For an 

Although the air is not fn thermal equilibrium in 
region B, it is convenient to refer to %-temperature for the 
air, Our reference temperatbre in this region-will be the . 
temperature eorresponding-to\the.translational thermal motions. 
Thus, using the arguments of the preceding paragraph, in that 
part of region B Just behind the shock front, the translational 
temperature may be obtained by considering air to be a perfect 
diatomic gas, When this is done, the translational temperature, 
Ti, Just behind the shock front is given by the Rankine-Hugoniotl 
relationships for Y = 715  ( Y  = ratio of specific heats = 7/5 
f o r  a perfect diatomic gas), For a flight Mach number M, these 
give 

Ti/TOJ = (35 - 51M2) (1 + OO2M2)P36, 

which has been derived on the assumption of a perfect diatomic 
gas with compression of the gas through the shock front being 
taken into account, Eq. (1 - 11 gives a Ti in the range 40,000 - 
75,000 O K  for velocities in the range 30,000 - 40,000 ft/sec. 

As the air moves into region B of Figure 1, some 
of the energy stored in the translational-rotational ‘modes is 
gradually transferred to other modes via collisions between the 
air molecules, The transfer rate depends upon the collision rate 
for the pertinent type of transfer, This energy transfer causes 
the translational temperature to drop as shown in the temperature 
diagram of Figure 1, The drop then continues until true thermal 
equilibrium is achieved, 
ture, it is necessary to use thermodynamic tables * - 5 for air 
which have been calculated by taking into account all mechanisms 

To obtain the final equilibrium tempera- 
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which can absorb energy; e,go, translation, rotation, vibration, 
dissociation, ionization, electronic excitation, interactions 
between particles, etc, Using these tables, the initial kinetic 
energy of 26,000 BTU/lb gives an equilibrium temperature for 
hot afr in the 9,000 - 12,000 ‘K range depending upon the 
vehicle altitude, The region C of Figure 1 corresponds to 
that part of the flow field where thermal equilibrium has been 
achieved, 

Knowing the temperature variation in the flow field 
allows the radiative intensity of each part of the flow field 
to be discussed, A visual description of the radiative intensity 
throughout the flow field is given in the lower diagram of 
Figure 1, Although the rise in translational temperature may 
be thought of as being instantaneous as the air passes,through 
the shock front, the hot air does not immediately possess a 
radiative intensity Corresponding to the translational tempera- 
ture, Generally, this is due to the finite time-required for 
the mechanisms which populate the excited-states furnishtrig 
the radiation, Specifically, complete detailed.theoretica1 
understanding of this rise time I s  not available; however, 
shock-tube experiments and-qualitative theorfes-give verifica- 
tion to-the general shape-illustrated in Figure-I.. Thus, as 
the air passes through the shock front; the-radiative intensity 
starts to rise from essentiaIly zero and continues to rise as 
the air moves away from the shock front until a maximum is 
achieved, Occurrence and location of-the maximum in the radia- 
tive intensity is determined by the counteraction of the decrease 
in translational temperature, After reaching its maximum value, 
the radiative intensity decreases, followii>g the temperature 
decrease, until it reachesian equilibrium value corresponding 
to the equilibrium t,emperature, 

It is seen from the above discussion that any descrip- 
tion of radiative heating can be naturally split into two parts. 
One part which pertains to the nonequilibrium radiation (region 
B), and the other which pertains to equilibrium radiation (region 
C), Each of these will be treated at length in later sections 
of this report, Before so proceeding, it 5s-important to note 
that Figure 1 is only meant to be a schematic-representation 
of the radiation profile in front of a re-entry vehicle. The 
point to be made is that the relative sizes of-regions B and C 
can vary considerably depending upon U, and pcoc 
B can vary from a very thin layer just behind the shock front 
(usually at lower altitudes) to filling the entire flow field 
about the re-entry vehicle (usually at higher altitudes). 
Explicit examples of this variation will arise in the remainder 
of this report, 

In fact, region 
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11, -- EQUILIBRIUM R A D I A T I O N  

To c a l c u l a t e  t h e  r a d i a t i v e  h e a t i n g  exper ienced  by 
a r e - e n t r y  v e h i c l e  due t o  t h e  e q u i l i b r i u m  ho t  a i r  ( r e g i o n  C 
of F igure  1) i n  f r o n t  of the  v e h i c l e ,  d e t a i l s  concerning t h e  
flow f i e l d  about t h e  v e h i c l e  a r e  r e q u i r e d ,  These d e t a i l s  a r e  
t h e  t empera tu re -dens i ty  d i s t r i b u t i o n s  f o r  t h e  hot  a i r  surround-  
i n g  t h e  v e h i c l e ,  T h i s  i n p u t  i s  t o  be o b t a i n e d  from f low f i e l d  
c a l c u l a t i o n s  and i s  h e r e a f t e r  assumed known f o r  t h e  purposes  of 
t h i s  r e p o r t ,  The e q u i l i b r i u m  r e g i o n  can t h e n  be d i v i d e d  i n t o  
volume e lements  and t h e  r a d i a t i v e  h e a t i n g  f l u x  a t  any arbi- 
t r a r y  p o i n t  on t h e  v e h i c l e  can be  c a l c u l a t e d  by i n t e g r a t i o n ,  
Such a c a l c u l a t i o n  would be r i g o r o u s  i f  no a b s o r p t i o n  of t h e  
r a d i a t i o n  occur red  and/or no r a d i a t i v e  decay ( c o o l i n g )  occur red  
i n  a i r ,  R a d i a t i v e  decay i s  a lower ing  of  t h e  tempera ture  of 
the a i r  due t o  energy ( r a d i a t i o n )  be ing  l o s t  by  t h e  a i r  w i t h  
a r e s u l t a n t  drop i n  t h e  r a d i a t i v e  i n t e n s i t y  of t h e  a i r ,  Neg- 
l e c t i n g  bo th  o f  t h e s e  e f f e c t s  would g i v e  ove r  e s t i m a t e s  f o r  
t h e  r a d i a t i v e  h e a t i n g  of a r e - e n t r y  v e h i c l e ;  however, t h e s e  
e f f e c t s  a r e  r e l a t i v e l y  minor a t  l u n a r  r e t u r n  v e l o c i t i e s  so  
t h e  over  e s t i m a t i o n  i s  expec ted  t o  be s l i g h t ,  Hence, i t  i s  
f e l t  j u s t i f i e d  t o  f i r s t  n e g l e c t  t h e s e  minor e f f e c t s  i n  ou r  
d i s c u s s i o n  i n  o r d e r  t o  b r i n g  out  t h e  more dominant and s t r a igh t -  
forward  a s p e c t s  of r a d i a t i v e  h e a t i n g ,  Then t h e  a b s o r p t i o n  and 
decay a s p e c t s  w i l l  be d i s c u s s e d  as a p e r t u r b a t i o n  on t h e  domi- 
nant  ones ,  

A q u a l i t a t i v e  review o f  e q u i l i b r i u m  r a d i a t i v e  hea t -  
i n g  has been g iven  by Wick6 and o u r  d i s c u s s i o n  i n  t h i s  s e c t i o n  
w i l l  somewhat p a r a l l e l  h i s ,  w i t h  ou r  c o n t r i b u t i o n s  be ing  quan- 
t i t a t i v e  a m p l i f i c a t i o n s  and s p e c i f i c  d i r e c t i o n  t o  Apollo,  Using 
t h e  assumption of thermal equiLibr ium ( i c e o ,  r e g i o n  C of  F igu re  1 
i s  assumed t o  f i l l  t h e  e n t i r e  r e g i o n  between t h e  shock f r o n t  
and the  v e h i c l e ) ,  an i d e a l i z e d  c a s e  of s t a g n a t i o n  p o i n t  r a d i a t i v e  
h e a t i n g  i s  f irst  d i s c u s s e d ,  Then,using t h i s  case  as a r e f e r e n c e  
p o i n t ,  more r e a l i s t L C  c a s e s  w i l l  be t r e a t e d  as t h e  s e c t i o n  pro-  
g r e s s e s ,  It i s  t o  be noted  tha t  many g e n e r a l i t i e s  w i l l  be made 
i n  o u r  d i s c u s s i o n  w i t h  t h e  purpose be ing  t o  s t r e s s ,  one by one, 
some of the more impor tan t  a s p e c t s  of  t h e  problem of equilibrium 
r a d i a t i v e  h e a t i n g ,  Furthermore,  t h e  approach i n  t h i s  s e c t i o n  
w i l l  mainly be  one- o r  two-dimensional,  s i n c e  t h e  purposes  o f  
t h i s  r e p o r t  can be se rved  wi thout  the added d i f f i c u l t y  of con- 
s i d e r i n g  t h e  three-d imens iona l  c a s e ,  
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A s  o u r  f irst  example, c o n s i d e r  the geometry of  a 
p l a n e  v e h i c u l a r  w a l l  w i t h  a p l ane  shock f r o n t  de tached  a d is -  
t a n c e  6 from the  wall as i l l u s t r a t e d  i n  F igure  2, Schemat i ca l ly  
shown i n  the f i g u r e  i s  an  e l e m e n t a l  volume of  ho t  a i r  r a d i a t i n g  
i n  a l l  d i r e c t i o n s ,  T h i s  p l ane - l aye r  approximation has t h e  
beauty o f  s i m p l i c i t y  and the mer i t  of accuracy  f o r  many prac-  
t i c a l  c a s e s ,  There are two reasons  f o r  t h i s :  (l)e The a c t u a l  
shock l aye r  approaches a p l ane  l a y e r  i n  some p r a c t i c a l  c a s e s  
because 6 i s  small compared t o  the v e h i c u l a r  r a d i u s  of  curvature , ,  
( 2 ) ,  The t empera tu re  and d e n s i t y  of  t h e  a i r  do no t  d i f f e r  s ig-  
n i f i c a n t l y  i n  t h o s e  p o r t i o n s  of t h e  shock layer which c o n t r i -  
bu te  most of' the  r a d i a t i o n  t o  t h e  s t a g n a t i o n  p o i n t ,  Under t h e  
assumptions of  uniform tempera ture  behind t h e  shock f r o n t  and no 
r e f l e c t i o n  o r  emiss ion  by t h e  wall, t h e  r a d i a t i v e  f l u x ,  qs, a t  
p o i n t  S on t h e  wall of  F i g u r e  2 is 

6 

J 
0 

J 
3 0 

The q u a n t i t y  E i s  the r a d i a t i v e  energy f l u x  from a u n i t  
volume w i t h  t h g  f a c t o r  1 / 2  t o  account f o r  the f a c t  t ha t  half  
t h e  r a d i a t i o n  i s  d i r e c t e d  away from t h e  wall, A s  i s  seen ,  t h e  
r a d i a t i v e  f l u x  a t  S i s  completely determined i f  ET and 6 are 
known 

E T a b l e s  -T 
To de termine  ET e x t e n s i v e  t h e o r e t i c a l  and expe r imen ta l  

work has been done by the Avco group ( e x p l i c i t  r e f e r e n c e s  t o  
t h i s  work may be found i n  r e f e r e n c e  7 ) o  Using t h i s  work Kive l  
and Ba i l ey7  have pub l i shed  E 
f u n c t i o n  of d e n s i t y  and tempgra ture ,  Furthermore,  such  d a t a  
can be  p l o t t e d 8  i n  t h e  s imple g r a p h i c a l  form of F igu re  3 0  The 
dens i ty- tempera ture  r e g i o n  where Avco shock tube  measurements 
have approximately v e r i f i e d  t h e  ET v a l u e s  i s  i n d i c a t e d  by t h e  

f o r  a i r  i n  t a b u l a r  form as a 
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dotted area on Figure 3. Data corresponding t o  Figure 3 is 
sometimes stated as the emissivity per unit length E. Then 
the same radiative flux given by Eq. (2 - 1) would be 

0 

(2 -.2) 4 = ~ 6 0  T 9s 

where u is the Stefan-Boltzman constant and the correspondence 
4 ET = 2cuT is made. 

can be represented' by the correlation formula 
When this is done the data of Figure 3 

Here po is ground atmospheric density, p S  is the density of 
the air behind the shock front, and Ts is the temperature of 
the air behind the shock front. Expression (2 - 3) reasonably 
approximates Kivel a d Bailey's tables in the region 8000 O K  

T e12,OOO OK and lo-! < p s / p o  - As an independent che& 
on Kivel and Bailey's tables, we refer to calculations to 
determine ET performed by Meyerott et. a1.l'. 
these calculations have been plotted by Thomasll in the form 
of Figure 4, Thomas has also given an approximate correlation 
to these calculations of 

S- 

The results of 

f o r  the region 8,000 OK - < Ts - 16,000 OK. 
results are consistently higher than the calculations of Meyerott 
et, al, Kivell2 has discussed the uncertainty in Kivel and 
Bailey's values and noted that they could be high by= a factor 
of 2. Other ET calculated values have been presented by Breene 
et;. al. , l3 which lie between the results of Meyerott et. al. and 
those of Kivel and Bailey for temperatures and densities of 
interest during lunar return. 

Even the most recent experimental results have been 
unable to completely distinguish which of the ET values is more 
correcto For example, Page of Ames14 has measured the radiation 
from the shock layer about small gun-launched models flying in 
still air or upstream through the shook produced by a hypersonic 
wind tunnel. In this manner, he was able to simulate vehicle 
velocities up to 41,000 ft/sec. 
favor the higher predictions of the AVCO and GE groups, there 

The Kivel and Bailey 

Although his results tended to 



t b 

B E L L C O M M ,  INC. - 7 -  May 2 2 ,  1964 

was enough expe r imen ta l  s c a t t e r  t o  make i t  d i f f i c u l t  t o  
r e a l l y  choose between any of t h e  t h ree  ET p r e d i c t i o n s .  T h i s  

s c a t t e r  can  be  s e e n  i n  F igu re  5 which i s  a p l o t  of‘ t he  t o t a l  
measured r a d i a t i o n  f l u x  vs .  s imu la t ed  v e l o c i t y ,  The rad i  t on 

s i n c e  b o t h  t h e  expe r imen t s  and e q u i l i b r i u m  r a d i a t i o n  p r e d i c t i o n s  
shown i n d i c a t e  t ha t  t h e  i n t e n s i t y  should  va ry  as t h i s  power o f  
t h e  d e n s i t y  a t  c o n s t a n t  v e l o c i t y .  Undoubtedly some of  t h i s  
s c a t t e r  I s  due t o  d i f f e r e n t  model materials used t o  o b t a i n  t h e  
data, s i n c e  t h e  p l a s t i c  models were known t o  be a b l a t i n g  and 
t es t s  have shown that a b l a t i o n  p r o d u c t s  can  i n c r e a s e  t h e  radia- 
t i o n  l e v e l ,  However, even w i t h  t h i s  t a k e n  i n t o  accoun t ,  i t  i s  
seen  from F i g u r e  5 t h a t  these r e s u l t s  do n o t  un ique ly  d i s t i n g u i s h  
which s e t  of  ET v a l u e s  i s  more c o r r e c t ,  
p i c t u r e  f o r  ET tab les ,  i s  a r e c e n t  GE15 r e p o r t ,  d e a l i n g  w i t h  
r a d i a t i o n  w i t h  wavelengths  l e s s  t h a n  *2U,  which t h e o r e t i c a l l y  
p r e d i c t s  c o n s i d e r a b l y  more r a d i a t i o n  i n  t h i s  r e g i o n  t h a n  p rev ious  
i n v e s t i g a t i o n s ,  T h i s  i s  impor t an t  because most l a b o r a t o r y  
exper iments  can on ly  c r u d e l y  measure r a d i a t i o n  i n  t h i s  wave- 
l e n g t h  r e g i o n  due t o ,  f o r  example, q u a r t z  windows used t o  
i s o l a t e  r a d i o m e t e r s  which are opaque t o  t h i s  r a d i a t i o n .  Using 
these  new GE tab les  i n  t h e  u s u a l  manner by assuming t h e  ho t  
a i r  i s  o p t i c a l l y  t h i n  (no a b s o r p t i o n )  leads t o  a n  approximate 
doub l ing  of t h e  expec ted  r a d i a t i v e  h e a t i n g  on t h e  Apollo CM 
ove r  tha t  c a l c u l a t e d  u s i n g  t h e  Kive l  and B a i l e y  tab les .  The 
need f o r  more t h e o r e t i c a l  and expe r imen ta l  i n v e s t i g a t i o n  i n  
t h i s  area i s  e v i d e n t ,  I n  summary, t h e  p r e s e n t  u n c e r t a i n t i e s  i n  
ET tab les  are such  t h a t  t h e  a u t h o r  b e l i e v e s  one cannot  p r e d i c t  
r a d i a t i v e  h e a t i n g  l o a d s  f o r  l u n a r  r e t u r n  t o  be t t e r  t h a n  a f a c t o r  
of  2 o r  3 @  T h i s  may be e a s i l y  s e e n  by c o n s i d e r i n g  t h e  e x p e r i -  
menta l  s c a t t e r  shown on F i g u r e  5 f o r  t h e  v e l o c i t y  r ange  28 t o  
36 k f t / s e c .  

i n t e n s i t y  i s  p r e s e n t e d  w i t h  t h e  no rma l i z ing  f a c t o r  ( P / P o )  a.3 , 

A l s o  c loud ing  t h e  

S t a g n a t i o n  Po in t  Hea t ing  -- S p h e r i c a l  Segment Shock 

A more r e a l i s t i c  model t h a n  t h e  p l a n e  shock i s  a 
s p h e r i c a l  segment wall surrounded by a s p h e r i c a l  segment shock 
f r o n t  as i l l u s t r a t e d  i n  F i g u r e  6. The p o r t i o n  of  t h e  hot  a i r  
which w i l l  r ad ia te  t o  p o i n t  S i s  shaded on t h e  f i g u r e .  Under 
t h e  same assumpt ions  used i n  t h e  p l a n e  model, 
f l u x  a t  S is 

t h e  r a d i a t i v e  
T / 2  

0 0 

4, = ( E , / 2 ) 6 /  d e  s i n 0  7”’” dx 
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It i s  seen  t h a t  t h e  f l u x  f o r  t h i s  model d i f f e r s  from t h e  f l u x  
f o r  t h e  p l a n e  model by a f a c t o r  Ks, which w e  w i l l  c a l l  a "shock 

shape f a c t o r , "  and due t o  t he  p o i n t  S s e e i n g  a d i f f e r e n t  volume 
of h o t  a i r  here t h a n  i n  t he  p l ane - l aye r  case .  Comparing the 
r e s u l t s  f o r  t h e  p l a n e  and s p h e r i c a l  segment, i t  i s  seen  tha t  i n  
a d d i t i o n  t o  E , one must have a knowledge of  t h e  shock detachment 
d i s t a n c e  and The shock shape f a c t o r  t o  p r e d i c t  t h e  r a d i a t i v e  
h e a t i n g  f l u x  expe r i enced  d u r i n g  r e -en t ry .  These l a t t e r  q u a n t i t i e s  
w i l l  now be  cons ide red ,  

Shock Detachment Di s t ance  

ment d i s t a n c e  w i t h  v e h i c u l a r  shape is shown i n  F igu re  7 0  I n  t h e  
f i g u r e ,  t h e  detachment d i s t a n c e  i s  g iven  as a f u n c t i o n  of t h e  
r a t i o .  P w / P s  and t h e  r a t i o  R I D .  By way of e x p l a n a t i o n ,  a v e h i c l e  
w i t h  R/D = 0,5 i s  a hemisphere, while t h e  Apollo CM approximates  
a v e h i c l e  w i t h  a n  R/D of about  1.2, Figure  7 was c a l c u l a t e d  by 

l6 T h i s  method f o r  Wick u s i n g  a method developed by Kaattario 
p r e d i c t i n g  6 i s  based on ob l ique  and normal-shock r e l a t i o n s h i p s  
and t h e  c o n t i n u i t y  of mass f low through s u i t a b l y  chosen volume 
e lements  between t h e  shock and v e h i c l e ,  Furthermore,  Kaattari 's 
p r e d i c t i o n s  have been shown t o  be  i n  good agreement w i th  ex- 
p e r i m e n t a l  r e s u l t s  f o r  bo th  p e r f e c t  and real-air c a s e s  up t o  
about  Mach 20  by u s i n g  small s c a l e  models i n  hypersonic  wind 
t u n n e l s ,  But there  is no exper fmenta l  conf i rma t ion  f o r  l u n a r  
r e t u r n  speed o r  f o r  v e h i c l e s  of  t he  larger .$pollo CM s i z e .  
However, as noted  on F igu re  7, t h e  shock detachment d i s t a n c e  
is p r i m a r i l y  determined by t h e  d e n s i t y  r a t i o  through t h e  shock 
f r o n t  which i s  o b t a i n e d  by r e f e r e n c e  t o  c a l c u l a t e d  thermodynamic 
tables based on normal-shock r e l a t i o n s h i p s  ( e o g e ,  see r e f e r e n c e  2 ) .  
Thus, i f  these  tab les  can be t r u s t e d ,  F i g u r e  7 should  be  r e l a t i v e l y  
a c c u r a t e ,  compared t o  t h e  u n c e r t a i n t i e s  i n  ET, f o r  t h e  l u n a r  
r e t u r n  case ,  bu t  these tables  have not  been completely checked 
wi th  expe r imen ta l  r e s u l t s ,  To be c e r t a i n ,  one would l i k e  
expe r imen ta l  v e r i f i c a t i o n  of  F i g u r e  7 f o r  l u n a r  r e t u r n  v e l o c i t i e s .  
Noted on F i g u r e  7 i s  t h e  range of d e n s i t y  r a t i o s  f o r  t h e  broad 
range o f  f l i g h t  v e l o c i t i e s  and a l t i t u d e s  i n d i c a t e d - o n  t h e  f i g u r e ,  
showing a good va lue  of 6/R f o r  qu ick  c a l c u l a t i o n s  of r a d i a t i v e  
h e a t i n g  i s  000450 

An i l l u s t r a t i o n  of  t h e  v a r i a n c e  of t h e  shock de tach-  

6 

Shock Detachment Di s t ance  -- Non-Zero Angle of At tack  

detachment d i s t a n c e  has a l s o  been cons ide red  by  Wick, H i s  
r e s u l t s  f o r  s p h e r i c a l  segment v e h i c l e s  are g iven  i n  F i g u r e  8 
i n  t h e  form of  t h e  r a t i o  of  t h e  s t a g n a t i o n  s t a n d o f f  d i s t a n c e  

The e f f e c t  o f  non-zero ang le  of  a t t a c k  on t h e  shock 
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at angle of attack to the corresponding value at zero angle of 
attack. Again, the results of Figure 8 were calculated b 
Wick using Kaattari's method, which again has been shown 
to give good agreement with experimental results with the 
same limitations to Apollo as discussed for the zero angle 
of attack case. 
dotted line designated as the limit of the theory which is 
defined by the angle of attack at which the free stream velocity 
becomes parallel to the straight edge of the spherical segment 
vehicle, 
is that the detachment ratio has a value of about 0.43 for the 
limiting case for the theoryo This means that for radiative 
heating the spherical segment vehicle has an effective nose 
radius of 0 0 4 3  times the geometric radius for the limiting 
ease 

17 

All the curves of Figure 8 terminate at the 

The most interesting result illustrated in Figure 8 

Shock Shape Factor 

Calculation of the shock shape factor is only a 
problem of numerical integration once the shock detachment dis- 
tance is known, Wick's results for the shock shape factor are 
given in Figure 9 .  He found, for the range of spherical segment 
vehicles shown on the figure, that this factor is only a func- 
tion of density ratio across the shock front. From the figure 
it is seen that the shape factor does not differ much from 
unity; thus, in view of the uncertainties in ET, use of a value 
of 1,O would be Justified. However, if completeness is desired, 
a value of 0.84 is a good average value to use in the velocity- 
altitude range of interest for lunar return. 

Summary of Stagnation Point Radiative Heating 

It is to be remembered that the above comments have 
been for the case of stagnation point radiative heating only, 
while a discussion of the distribution over the vehicle is yet 
to be described, With the information given in Figures 2 
through 9 ,  rapid estimates of equilibrium radiative flux f o r  
the stagnation point can be made for a variety of-vehicle shapes 
and wide ranges of velocity and altitude. Probably the most 
serious limitation to accurate stagnation point.calculations 
is the inability to obtain accurate ET values.- As previously 
discassed, present uncertainties in ET limit calculation of 
the radiative heating load for lunar return to no better than 
a factor of 2 or 3 from a reference value defined-by Kivel and 
Bailey's %ableso Although no direct experimental-results have 
verified the calculated shock detachment distance, it is the 
author's belief that this uncertainty is not so serious as the 
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ones connected with the values of ET. Thus, in summary, since 
the stagnation point radiative flux has a direct prqportionality 
to both ET and 6, one is unable t o  further specify qs beyond 
saying it is probably within the boundaries defined by values 
which are up or down by a factor of 3 from the value which would 
be obtained by using Kivel and Bailey's ET values and KaattariIs 
method t o  obtain 6. Before proceeding, it is worthwile t o  note 
that application of the above concepts leads t o  maximum radiative 
heating rates of the order of 1000 watts/cm2 on the Apollo CM 
f o p  the HES-6 trajectory (escape speed entry). 

Radiative Heat Flux Distributions 

In order t o  calculate radiative heat flux distributions 
over re-entry vehicles, a detailed analysis of the temperature 
and density distributions in the flow field about the vehicle 
must be available, As mentioned before, this report assumes 
such are available and no detailed description w i , i l  be given 
concerning calculation of these quantities. Once they are 
available, ET-can be obtained from tables for each elemental 
volume in the flow field. The final step is then a lengthy 
integration of the radiation from all the elemental volumes T~ 

in the flow field. However, if only approxfmate answers are 
desired, it is possible t o  use a plane-laye approximation 
pointed out by de 1'Estoile and Rosenthal. In this manner 
the necessary labor is considerably reduced without introducing 
significant errors (say, no more than 20%). This method has 
considerable merit when one considers the large uncertainty 
in ET. An example of this method is shown In Figure 10 which 
illustrates its applfcation t o  a point X away from the stagna- 
tion point So The radiative flux at X is then approximated by 
the simple integral, 

6 
X dx =/, [ET (y)/21 dy e 

The complete plane layer approximation is then replacing the 
integral by a sum over a finite (usually small) number of 
plane layers; fee., 

with ET(i) corresponding t o  the mean temperature in the i-th 
plane and %(i) the thickness of the i-th plane, 
accuracy of the method depends upon the number of layers used 
in the analysis. Also, in application of the method, one could 
apply shock shape factors for each layer, But this would detract 
from the basic simplicity of the method and require about the 

Of course, the 
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same amount of work as integration over the volume seen by the 
point X, 
more than one plane layer because of temperature-density 
variations between the shock front and the vehicular wall. 

However, in the method it is necessary to consider 

An illustration of typical temperature-density 
variations has been given by Wick and is shown on the right of 
Figure 10. Also shown is how these variations cause ET to vary 
between the shock front and the wall. The most interesting 
feature of the variations is how relatively minor temperature- 
density variations can cause a large variation in the radiative 
intensity of the gas, It is seen from the figure that a 
temperature just 97% of the stagnation temperature gives a 
radiative intensity for the air just in front of point X of 
about 65% of the radiative intensity just in front of point 
S o  This strong variation is primarily due to the small change 
in temperature, since the radiative intensity goes approximately 
as the eleventh power of the temperature [e.g., see Eqs. (2 -'2), 
( 2  - 3), and (2 - 4 ) ]  while it has only small dependence on the 
density. This example excellently illustrates the necessity of 
having accurate temperature distributions within the flow f i e l d ;  
eege, a 5% error in temperature can cause a 70.4'0 error in radia- 
tive intensity, while a 10% error in temperature would cause a 
180% error in radiative intensity. Temperatures in the flow 
field are obtained by knowing the local velocities-and densities, 
and the free stream velocity and density; then by equating 
enthalpies the local temperature can be obtained from thermo- 
dynamic tables for air. The point is that these tables are 
primarily based on detailed calculations which to the author's 
knowledge, have had no direct experimental checks on their 
accuracy in the temperature range of interest for lunar return. 

Wick has obtained radiative distributions over the 
blunt face of spherical segment re-entry vehicles. His cal- 
culations were based on temperature-density distributions just 
behind the shock front obtained by using normal-shock properties 
given by Hochstimlg and then using oblique-shock theory, To 
obtain the same distribution at the vehicular wall, he used 
work by Kaattarf20; for points between the shock front and 
face he made a linear interpolation. 
simplified procedure by comparison of its.results with more 
detailed calculations made by Maslen and Moecke121 for blunt 
body shock layers and real air conditions, and by Fuller22 
for hemispherical shocks and perfect gases. 

Wick justified this 

Some radiatfve distribution results-of Wick for 
zero angle of attack are given in Figure 11 which is a plot 
of the ratio of local wall radiative flux to stagnation f l u x  
as a function of  face position and the ratio-R/D. The lines 
on the figure are for the mean of the velocity-altitude range 



. 
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shown on the figure, with slight deviations from the lines 
occurring over the range of velocity-altitude shown on the 
figureo 
from any considerations of the effect of the R/D ratio on 
temperature-density variations, the less the value for R/D, 
the more rapfd is the decrease in wall radiative flux moving 
away from the stagnation point. 

It is seen from Figure 11, as could be expected 

Some of Wick's results on the variation of the 
radiative flux distribution with angle of attack are given in 
Figure 12, These results are, as shown on the figure, for 
angles of attack of Oo, - l 5 O ,  and -30° with the flux distribu- 
tion being normalized with respect to the stagnation value 
at zero angle of attack. In this way the curves can show 
not only the change in flux distribution but also the change 
in stagnation level at the various angles of attack. The tick 
marks on the curves are the locations of-the stagnation points, 
with the velocity-altitude applicability being-the same as 
Figure 11, The fact that the location-of-peak-flux is not 
always the stagnation point is due to the opposing effects 
of increasing shock aetachment distance and decreasing tempera- 
ture as one goes away from the stagnation region; In Figure 12, 
as in Figure 11, the lines are for the mean of the velocity- 
altitude range considered, with slight deviations occurring 
over the range of these quantities. 

From the above paragraphs it is seen that the flux 
distribution should be subject to about the same uncertainties 
as those discussed for the shock detachment distance at zero 
ang3e of attack. There wfll be also uncertainties entering into 
the flux distributions due to-inaccuracies of the.temperature- 
density distributions-in the flow field. Since this is essen- 
tially a flow field problem; it will not be discussed here. 
But any uncertainties present in flow-field calculations affecting 
the temperature-density distributions would cause Gx to be more 
uncertain than GS, which itself is uncertain-within a factor of 
30 

Effect of Decay and Absorption 

absorption on the radiative heating experienced by a re-entry 
vehicle, the basic radiative transfer equations would have to 
be coupled with the appropriate hydrodynamic equations for 
the flow field. In doing this, one would find rather .formid- 
able fntegro-differential equations to-solve. The solutions 
of these equations are so complex that no solutions for three- 
dimensional shocks are present in the existing literature. In 
fact, to say anything about these effects one must refer to some 
one- and two-dimenszonal results which are in the existing 
literature, 6,23-27 Since this is an extremely detailed subject, 

To account accurately for the effects of decay and 
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we will only state in this report the results of the one- 
dimensional investigations. 
terms of characteristic lengths fop decay, Ldec, and for 
absorption, Labso 

The results are best stated in 

These characteristic lengths are defined 

and 

- - 
ET 

Ldec 

1 
Labs = 'm 

(2 - 8)  

(2 - 9 )  

The magnitude of the detachment distance 6 compared tb these 
characteristlc lengths then determines when the-effects become 
impantant, Important being defined as when the effects change 
the radiative flux at the vehicle more than, say, about 5%. 
The results of the one-dimensional investigations-are, roughly, 
that decay becomes important when 

6 - 0.1 Ldec , 

and absorption becomes important when 

6 "  - 0.1 Labs . 

( 2  - 10) 

( 2  - 11) 

Upon detailed examination it is found that the above conditions 
are not met within the re-entry corridor for the Apollo CM 
where any significant amount of radiative heating occurs, Thus 
we were justified in neglecting these effects in our discussion 
until now- An exception to this statement could be any radia- 
tion with wavelengths below e2v. 'If the GE predictions15 are 
correct in this region, the emissivity of the gas would be 
approaching the black body limit in this region-and the specific 
wavelength analogue of Eq. ( 2  - 11) would be met in part of the 
a .2~! region, A detailed discussion of this "Breene radiation" 
will be presented in a future report and further comments on 
this problem will be reserved, for inclusion therein. In any 
event, neglect of absorption and decay will always cause an over 
estimation of radiative flux. The amount of over estimation 
depending upon Ldec and Labso An interesting fact, but not 
applicable to lunar return, is that large decay effects could 
also affect the convective heating flux due to the outer edge 
of the boundarylayer at the wall being cooler because of radiative decay, The process of radiative cooling reducing air onization 
and then convective flux has been discussed by Adams. 28 
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Summary of Equilibrium Radiative Flux 

The above discussion of equilibrium radiative heating 
has purposely been limited to one- and two-dimensional cases in 
an effort to keep the discussion and Allustrations-as simple as 
possible, However, any uncertainties in these cases will carry 
over to the three-dimensional case, which-itself contributes 
uncertainties due to the more difficult theoretical problem 
of predicting three-dimensional shock shapes and detachment. 
Since we have shown unquestionably that ET uncertainties intro- 
duce errors of the order of two or three, that-uncertainties 
exist in shock shape and detachment due to-lack of good experi- 
mental data, and ET has a very strong temperature dependence 
making accurate temperature distributions a necessity, the 
author believes a sound statement is that-equilibrium radiative 
heating calculations for lunar return contain uncertainties 
of at least a factor of three, 
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111, NONEQUILIBRIUM R A D I A T I O N  

S i n c e  there  i s  no c l e a r  boundary between r e g i o n s  B 
and C of F i g u r e  1, an a rb i t ra ry  d e f i n i t i o n  of  t h e  nonequ i l ib r ium 
r e g i o n  1s i n  o r d e r ,  We w i l l  f o l l o w  t h e  AVCO group and d e f i n e  
the nonequ i l ib r ium r e g i o n  (Region B of F i g u r e  1) as t h a t  p o r t i o n  
o f  t h e  f low f i e l d  between t h e  shock f r o n t  and a boundary behind  
t h e  shock f r o n t  where t h e  overshoot  i n  t h e  r a d i a t i o n  i n t e n s i t y  i s  
10% h i g h e r  t h a n  t h e  e q u i l i b r i u m  val-ue, A s a t i s f a c t o r y  theo ry  de- 
s c r i b i n g  a l l  t h e  p r o p e r t i e s  of  t h i s  r e g i o n  has y e t  t o  b e  developed,  
A complete t h e o r y  would r e q u i r e  d e t a i l e d  accoun t ing  of a l l  t h e  
chemical  and r a d i a t i o n  p r o c e s s e s  o c c u r r i n g  i n  t h e  r e g i o n ,  w h i l e  
a s a t i s f a c t o r y  theo ry  would use  on ly  t h e  dominant p r o c e s s e s  t o  
o b t a i n  approximate answerso  Lack of  a q u a n t i t a t i v e  theo ry  i s  due 
t o  incomple te  knowledge of t h e  v a r i o u s  chemical  and r a d i a t f o n  ra te  
c o n s t a n t s  a t  t h e  e l e v a t e d  t r a n s l a t i o n a l  t empera tu res  o c c u r r i n g  
i n  t h e  nonequ i l ib r ium r e g i o n ,  Even i f  a l l  t he  n e c e s s a r y  r a t e  con- 
s t a n t s  were known, ex t remely  d e t a i l e d  combina to r i a l  work would 
have t o  be done t o  s o r t  o u t  t h e  dominant r e a c t f o n s ,  Also,  even 
knowing a l l  t h e  chemica l  r e a c t i o n  r a t e s  would s t i l l  n o t  e n a b l e  
r a d i a t i o n  i n t e n s i t y  c a l c u l a t i o n s  t o  b e  performed due t o  l a c k  of 
knowledge concern ing  t h e  r a d i a t i v e  p r o c e s s e s o  That i s ,  numer ica l  
d e s c r i p t i o n s  are r e q u i r e d  of t h e  c o l l i s i o n s  which e x c i t e  t h e  e l e c -  
t r o n i c  l e v e l s  whose d e - e x c i t a t i o n  f u r n i s h  most of  t h e  nonequ i l ib -  
rfum r a d i a t i o n ,  Thus, t h e  s t a t u s  of  t h e  t h e o r y  f o r  t h e  nonequ i l ib -  
r ium r a d f a t i o n - m a y  be s ta ted as i t  i s  b e l i e v e d  it i s  known what has 
t o  be  done t o  o b t a i n  a theo ry  b u t  t h e  r e q u i r e d  mass of  expe r imen ta l  
data (chemica l  and r a d i a t i o n  ra te  c o n s t a n t s )  necessa ry  t o  perform 
t h e o r e t i c a l  c a l c u l a t i o n s  i s  n o t  y e t  a v a i l a b l e ,  

Expe r imen ta l ly ,  some shock t u b e  s t u d f e s  have been per-  
formed which measure t he  nonequ i l ib r ium r a d i a t i o n  as a f u n c t i o n  
of shock v e l o c i t y  and t u b e  d e n s i t y ,  Coupling these measurements 
w i t h  t h e  incomple te  theo ry  has enab led  r easonab ly  a c c u r a t e  e s t i -  
mates t o  be made concern ing  t h e  nonequ i l ib r ium r a d i a t i v e  h e a t f n g  
which would be  expe r i enced  by a r e -en t ry  v e h i c l e ,  Thus, t h i s  sec-  
t i o n  w f l l  mos t ly  be a d e s c r i p t i o n  of  t h e  expe r imen ta l  measurements 
i n t e r s p e r s e d  wi th  exceedingly  g e n e r a l  t h e o r e t i c a l  comments, From 
t h i s  d e s c r i p t i o n ,  it w i l l  be  s e e n  tha t  t h e  l e v e l  o f  t he  nonequ i l ib -  
r ium r a d i a t i v e  h e a t i n g  c o n t r i b u t i o n  compared t o  t h e  t o t a l  h e a t i n g  
of t h e  Apollo CM fs s o  small tha t  e r r o r s  o f  even a f a c t o r  of' f i v e  
i n  t h i s  component would n o t  s e r i o u s l y  a f f e c t  Apol lo  heat s h f e l d  
d e s i g n  c r i t e r i a  c o n s i d e r i n g  the  u n c e r t a i n t i e s  i n  t h e  e q u i l i b r i u m  
r a d i a t i v e  f l u x  and t h e  magnitude o f  t h e  convec t ive  h e a t i n g ,  

To i l l u s t r a t e  t h e  r a d i a t i v e  i n t e n s i t y  behind a shock 
f r o n t ,  some t y p i c a l  o sc i l l og rams  of r a d i a t i v e  i n t e n s i t i e s  are shown 
I n  F i g u r e  13, 
t o r i n g  a c r o s s - s e c t i o n  of t h e  shock tube  as t h e  shock moves pass 
t h i s  s e c t i o n  by use  o f  t h e  a p p a r a t u s  i l l u s t r a t e d  i n  F igu re  14, 

These o s c i l l o g r a m s  were o b t a i n e d  a t  AVCO8 by moni- 
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The date of" F i g u r e  13  fs  for only t h e  N 2  F i r s t  Negat ive Band 
(wavelength 0 5 5  t o  l , 0 ~ )  and o b t a i n e d  w i t h  an ambient gas of 
pure  N 2  a t  a p r e s s u r e  of  2 mm Hg, The r e s u l t s  shown in Figure  1 3  
v e r i f y ,  a t  l eas t  f o r  these  s p e c i f i c  c a s e s ,  t h e  shape of t he  radi- 
a t i v e  f n t e n s i t y  curve  I n  F i g u r e  I., Also immedia t e ly  e v i d e n t  from 
F i g u r e  1 3  is a s teep  dependence of  t h e  nonequfPfbrfum peak on t h e  
shock v e l o c i t y  and a d e c r e a s e  of t h e  width o f  t h e  nonequi l ibr fum 
r e g i o n  wf th  v e l o c f t y ,  Data s imilar  t o  F i g u r e  1 3  has a l s o  been 
o b t a i n e d  a t  AVCO wf th  a i r  b e i n g  t h  ambient gas, Examples w i t h  
air are g iven  i n  Figures  15 and l6,fj129 

O f  cou r se ,  t h e  data of F i g u r e s  13, 15, and 16 is f o r  
only l i m i t e d  wavelength r e g i o n s ,  whf l e  t h e  s o l u t i o n  of t h e  
r a d i a t i v e  h e a t i n g  problem r e q u i r e s  a complete s p e c t r a  coverage 
a t  many v e l o c i t i e s ,  F o r t u n a t e l y  t h e  AVCO group has under taken  
such a s t u d y  u s i n g  a i r  as t he  a q b i e n t  gas by u s i n g  a v a r i e t y  
of measuring t e c h n i q u e s ,  These s t u d i e s  a l low t h e  spectrum of t he  
r a d i a t i o n  o r i g i n a t i n g  i n  t h e  nonequf l lbr fum r e g i o n  t o  be synthe-  
s i z e d ,  
The t o t a l  r a d i a t f o n  from t h e  nonequf l ib r ium r e g i o n  can b e  o b t a i n e d  
from F i g u r e s  17 and 1 8  by de t e rmin ing  t h e  area under  t h e  data 
p o i n t s ,  T h i s  has been i l l u s t r a t e d  on F i g u r e  18  w i t h  a dashed l i n e  
drawn t o  g i v e  a generous envelope f o r  t h e  data  p o i n t s ,  The area 
under  t h e  dashed l i n e  is 40 watts/cm2 - 27r s t e r a d f a n s ,  which is 
t h e  f n t e n s f t y  o f  nonequf l ib r ium r a d i a t i o n  befng  emit ted by one 
side o f  an  i n f i n i t e  s lab o r  j u s t  t h e  t h f e k n e s s  of' t h e  nonequi l ib-  
r ium r e g i o n  a t  10 mm/p s e e  (32,800 f t l s e e ) ,  T h i s  i s  a very  con- 
s e r v a t i v e  estimate s i n c e  t h e  AVCO group purpose ly  drew t h e  dashed 
l i n e  high where t h e  Peast measurements were a v a i l a b l e  and where 
l a r g e  c o n t r i b u t i o n s  cou ld  physicaPPy o r i g i n a t e ,  It is a l s o  t o  
be n o t i c e d  t h a t  F i g u r e  1 8  c o n t a i n s  one data p o i n t  f o r  wavelengths  
below ,2p, T h i s  p o i n t  was o b t a i n e d  as a s i n g l e  measurement on t h e  
band between , 0 7 5 ~  and o l Q p  by u s e  of" a t u n g s t e n  p h o t o e l e c t r i c  
gauge, Although there  are probably  some minor u n c e r t a f n t l e s  in 
t h f s  measurement due t o  gauge c a l i b a a t f o n s ,  t h f s  p o i n t  does pre-  
ven t  t he  Parge u n c e r t a i n t i e s  i n t r o d u c e d  f o r  t h e  e q u i l i b r i u m  ET 
v a l u e s  due t o  t h e  less  t h a n d u  r e g i o n  b e i n g  in t roduced  f o r  t h e  
nonequi l fbr fum r a d i a t i o n ,  C e r t a i n l y  one would t h i n k  t h a t  AVCO 
would have used %he same t e c h n i q u e s  t o  o b t a i n  e q u i l i b r i u m  radia- 
t i o n  measurements i n  the less  t h a n  ,2tr r eg fon ,  To date, t h e  
p r e s e n t  a u t h o r  has been unable  t o  f i n d  such data, 

Examples of" t h e  r e s u l t s  are g iven  i n  FEgures 19  and 18 ,  8,30 

Some g e n e r a l  t h e o r e t i c a l  comments a r e  now i n  order  
concern ing  t h e  nonequ i l ib r fum r a d i a t i o n  p r o f i l e  These comments 
w i l l  t h e n  be  v e r i f i e d  by r e f e r e n c e  t o  expe r imen ta l  data, I n  
F igu re  19,  a schemat ic  nonequi l fbr fum r a d f a t i o n  p r o f i l e  i s  gfven 
t o  i l l u s t r a t e  t he  d e n s i t y  independence of t h e  t o t a l  nonequi l fbr fum 
r a d i a t i o n  a t  a g iven  v e l o c f t y  behind  a normal shock,  A s  t h e  a i r  
moves through the  shock l a y e r ,  t h e r e  i s  an e x c i t a t f o n  time f o r  t h e  
r a d i a t i v e  i n t e n s i t y  t o  r each  f t s  mamfmum v a l u e ,  t and a r e l a x a -  
t i o n  time f o r  t h e  r a d i a t i v e  f n t e n s f t y  t o  decay t o p h O %  of t h e  
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e q u i l i b r i u m  v a l u e ,  t lol ,  
e x c i t a t i o n ,  d and r e l a x a t i o n ,  diol) d i s t a n c e s  behind  a normal 
shock are o b t a i n e d  by m u l t i p l y i n g  t h e  times by t h e  normal shock 
v e l o c i t y  UCO, These d i s t a n c e s  ( t imes )  are de termined  by c o l l i -  
s i o n  ra tes  f o r  t h e  a i r  p a r t i c l e s ,  s i n c e  i n  t h e  e x c i t a t i o n  or 
r e l a x a t i o n  t h e  energy  t r a n s f e r  o c c u r s  v i a  c o l l i s i o n s ,  A s  l ong  
as t h e  c o l l i s i o n  p r o c e s s e s  are  b i n a r y  ( two p a r t i c l e  c o l l i s i o n s ) ,  
t and tlOl w i l l  approximate ly  va ry  i n v e r s e l y  as t h e  f i rs t  power 
o f  t h e  d e n s i t y  f o r  c o n s t a n t  v e l o c i t y ; ;  i o e o p  t h e  c o l l i s i o n  r a t e  
is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f i rs t  power of  t h e  d e n s i t y  a t  
c o n s t a n t  t empera tu re  31 S i n c e  'the t e m p e r a t u r e  dependence o f  

P t he  c o l l i s i o n  r a t e  i s  as t h e  i n v e r s e  s q u a r e  r o o t ,  3' times t 

and 
t h e  t r a n s l a t i o n a l  t empera tu re  changes are about  t h e  same f o r  
d i f f e r e n c e  d e n s i t i e s  a t  c o n s t a n t  v e l o c i t y ,  Then, under  these 

From these times t h e  co r re spond ing  

P'  

P 

shou ld  approximate ly  va ry  as s t a t ed  if? t h e  magnitude of 

c o n d i t i o n s ,  dD and dlnl shou ld  va ry  as t h e  i n v e r s e  o f  t h e  f i r s t  
power o f  t he  *dens i ty , -  Also, under  b i n a r y  c o n d i t i o n s ,  t h e  peak 
r a d i a t i v e  i n t e n s i t y ,  E n ,  shou ld  vary  d i r e c t l y  w i t h  t h e  number 
of" r a d i a t i n g  p a r t f c l e s ' - p r e s e n t ,  o r  d i r e c t l y  w i t h  t he  d e n s i t y ,  
A de ta i led  argument v e r i f y i n g  t h i s  s t a t e m e n t  u s i n g  chemica l  
and r a d i a t i v e  r a t e  e q u a t i o n s  may be found i n  r e f e r e n c e  30,  
These b i n a r y  c o l l i s i o n  arguments lead t o  t he  r e l a t i o n s  d e p i c t e d  
on F i g u r e  19;  namely, ( a >  dl % l / p  ( b )  Ep%p and ( c >  t h e  t o t a l  
nonequ i l ib r ium r a d i a t i o n  i s  independent  o f  d e n s i t y ,  That i s  , 
t h e  t o t a l  nonequ i l ib r ium r a d i a t i o n  mainly depends upon t h e  shock 
v e l o c i t y ,  ,In o t h e r  words, as l o n g  as t h e  ?onequ i l ib r ium zone 
does riot e n g u l f  t h e r e - e n t r y  v e h i c l e ,  t h e  nonequf l ib r ium r a d i a t i v e  
f l u x  i s  p r i n a r i l y  de te rmined  by t he  v e l o c i t y  and n o t  t h e  v e h i c l e  
h e i g h t  ( d e n s i t y )  ., 

The b i n a r y  r e s u l t s  descr ibed  i n  t h e  p recedfng  paragraph 
have been r easonab ly  w e l l  v e r i f i e d  by AVCO and A m e s  expe r imen ta l  
data, For'ex'ample, F i g u r e  16 shows some v e r i f i c a t i o n  of  t h i s  
'%%nary s c a l i n g P 9  f o r  t h e  t o t a l  nonequ i l ib r ium r a d i a t i o n ,  s i n c e  
t h e  areas under  t h e  two cu rves  i n  t h i s  f i g u r e  are c o n s t a n t  t o  
w i t h i n  25%, Cons ide rab le  o t h e r  data e x i s t s  which shows t h a t  t h e  
nonequ i l ib r ium r e g i o n  i s  r e a s o n a b l y  w I1 d e s c r i b e d  by t he  s imple  
b i n a r y  c o l l i s i o n  model s k e t c h e d  h e r e , g s 1 4 r 2 9 s 3 0  From an a n a l y s i s  
of  t h i s  data,  I would s a y  b i n a r y  s c a l i n g  is v e r i f f e d  t o  w i t h i n  a 
f a c t o r  of  two f o r  t h e  v e l o c i t y - d e n s i t y  r anges  of p r i m a r y  i n t e r e s t  
d u r i n g  l u n a r  r e t u r n  excep t  t h o s e  r e g i o n s  where l f t r u n c a t i o n l '  o c c u r s  ., 
Trunca t ion  w i l l  o ccu r  when t h e  d e n s i t y  i s  s u f f i c i e n t l y  small s o  
t h a t  t he  r e l a x a t i o n  d i s t a n c e  d la l  i s  la rger  t h a n  t h e  shock detach- 

i s  i n v e r s e l y  p r o p o r t i o n a l  t o  1, 1 men% d i s t a n c e ,  That is, s i n c e  d 

t h e  d e n s f t y ,  a t  a h i g h  enough a l t i t u d e ,  t h e  e n t i r e  shock layer  w i l l  
b e  f i l l e d  w i t h  t h e  nonequf l ib r ium r e g i o n ,  Thus, w i t h  i n c r e a s i n g  
h e i g h t ,  t h e  nonequf l ib r ium f l u x  a r r i v i n g  a t  t h e  v e h i c l e  w i l l  d imin i sh  



BELLCOMM, INC. - 18 - May 22, 1964 

s lowly  from i t s  f u l l  v a l u e  when diol 
r a p i d l y  when d 
t h e  nonegui l ibk .um r a d i a t i o n  r e a c h i n g  t h e  v e h i c l e  f a c e  s tar ts  t o  
d iminish  a t  25O,OOO f t ,  and w i l l  b e  l ess  t h a n  I ts  f u l l  v a l u e  a t  
h igher  a l t i t u d e s  because  o f  t r u n c a t i o n ,  But u s i n g  e x i s t i n g  mea- 
surements  on t h e  nonequi l ibr fum rag l . a t ion  behind  normal shocks,  
e s p e c i a l l y  t h e  measured va lues  of" t 
cant  ( l e s s  t h a n  1% o f  t h e  t o t a l  h e a t i n g )  r a d i a t i v e  f l u x  can be  
reasonably  wel l  e s t i m a t e d ,  It  shou ld  be n o t e d  t h a t  t h e  nonequl- 
l i b r i u m  zone ex tend ing  t o  t h e  v e h i c l e  can aff  c t  t h e  convec t ive  
h e a t i n g ,  probably  caus ing  a s l i g h t  i n c r e a s e , 3 5  s i n c e  the  t r a n s f e r  
o f  heat a c r o s s  t h e  boundary layer  depends on t h e  t r a n s p o r t  pro- 
pe r t i e s  o f  h o t  a i r  which a r e  d i f f e r e n t  f o r  e q u i l i b r i u m  and non- 

6 b u t  d 6 and t h e n  more 
6 ,  It has been estimated 32P tha t  f o r  l u n a r  r e t u r n  

and t l O l P  even t h i s  i n s i g n f -  
P 

e q u i l i b r i u m  h o t  a i r ,  9 

Below 25O,OOO f t  t h e  nonequ i l ib r ium r a d i a t i v e  f l u x  
r e a c h i n g  t h e  v e h i c l e  f a c e  depends only on t h e  v e h i c l e  v e l o c i t y ,  
A t o t a l  nonequ i l ib r ium f l u x  vs ,  v e l o c i t y  summary of e x i s t i n g  data 
from normal shock e x p e r f m e n t r i s  g iven  i n  F i g u r e  20 which i s  from 

h i s  own work, and one f r e e - f l i g h t  F e s u l t ,  34 
was n o t  t p o  wa3. i  determined  b u t .  was i n c l u d e d  t o  g i v e  a r e f e r e n c e  
p o i n t  a t  t h e  h i g h e r  v e l o c i t y ,  Page c o n s i d e r s  t h e  nonequi l ibr fum 
r a d i a t i v e  f l u x  shown on t h e  f i g u r e  t o  be  a r easonab le  upper  l i m i t  
and has shown t h e  s i m u l a t e d  a l t i t u d e  f o r  each  p o i n t  on the  f i g u r e ,  
The f i g u r e  t h e n  a l lows  a comparison of  v a l u e s  from d i f f e r e n t  s o u r c e s  
and shows t h a t  very  s imi la r  r e s u l t s  have been ob ta ined ,  a p p a r e n t l y  
w i t h i n  a f a c t o r  of  2 ,  

3 Page * s work , l4 Page i n c l u d e d  on F i g u r e  20 data from AVCO 29, 33 
The f r e e - f l i g h t  r e s u l t  

The above d i s c u s s i o n  has' shown that t h e  nonequi l ibr fum 
r a d i a t i v e  f l u x  expe r i enced  by a v e h i c l e  d u r i n g  l u n a r  r e t u r n  can 
pr"obab1y be  de te rmined  w i t h i n  a f a c t o r  of  two, Furthermore,  i t  
has been s e e n  t ha t  t h e  l e v e l  of t h e  nonequi l fbr ium r a d i a t i v e  f l u x  
i s  r e l a t i v e l y  very  small when compared t o  o t h e r  h e a t i n g  f l u x  
expe r i enced  by  t h e  A p o l l o  CM (sometimes t h e  o r d e r  of 1000 watts/cm 
Hence, t h e  p r e s e n t  a u t h o r  f ee l s  t h a t  a d r a s t i c  r e i n t e r p r e t a t i o n  
of t h e  p r e s e n t  data would have t o  occur  b e f o r e  any nonequi l ibr fum 
r a d i a t i v e  f l u x  changes would a f f e c t  t h e  heat s h i e l d  d e s i g n  of t h e  
Apollo CM, That  i s ,  t h e  most f r u f t f u l  area i n  r a d i a t i v e  h e a t i n g  
d e a l s  w i t h  o b t a i n i n g  more p r e c i s e  tables f o r  e q u i l i b r i u m  E, tables  

2 

( i n c l u d i n g  a de t a i l ed  examinat ion i n  t h e  g .2p wavelength 
which shou ld  be s e t t l e d  before  f u t u r e  e f f o r t  i s  concerned 
nonequ i l ib r ium f l u x ,  

I 

r e g i o n )  
w i t h  t h e  

l l l ~ - H E D - w m t  H ,  I,, Davis 
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FIG. 1 SCHEMATIC DIAGRAM OF THE NON-EQUILIBRIUM REGION BEHIND THE BOW 
SHOCK AT THE STAGNATION POINT OF A BLUNT BODY. 

(after Teare, Georgiev, & Allen, 1961) 
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FIG. 2 PLANE LAYER APPROXlMATlON FOR STAGNATION POINT HEATING. 
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FIG. 3 TOTAL EMITTED RADIATION ENERGY PER UNIT VOLUME OF HIGH TEMPERATURE AIR 
IN FULL EQUILIBRIUM AS A FUNCTION OF TEMPERATURE FOR CONSTANT VALUES OF 
THE DENSITY. 

(after Rose, 1961) 
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FIG. 4 EMISSIVITY OF HIGH TEMPERATURE AIR BASED ON WORK OF 
MEYEROTT, SOKOLOFF, AND NICHOLLS. 

(after Thomas, 1962) 
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FIG. 5 EQUILIBRIUM AIR RADIATION, EXPERIMENT AND PREDICTIONS. 

(after Page, 1963) 
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FIG. 6 STAGNATION POINT HEATING FOR A SPHERICAL SEGMENT SHOCK. 



FIG. 7 - SHOCK STANDOFF FOR ZERO ANGLE OF ATTACK. 

-(after Wick, 1962) 
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FIG. 9 SHOCK SHAPE FACTOR FOR STAGNATION POINT RADIATIVE FLUX. 

(after Wick, 1962) 
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FIG. 11 WDIATIVE FLUX DISTRIBUTIONS AT ZERO ANGLE OF ATTACK. 

(after Wick, 1962) 
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FIG. 13 TYPICAL OSCILLOGRAMS OF THEIN2 (1+) RADIATION FROM SHOCK WAVES IN PURE 

RELAXATION TO EQUILIBRIUM FOR SEVERAL SHOCK SPEEDS. 
N2 SHOWING THE RADIATION OVERSHOOT BEHIND THE SHOCK FRONT AND SUBSEQUENT 

(after Rose, 1961) 
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FIG. 14 SCHEMATIC DIAGRA OF APPARATUS USED BY AVCO 
TO STUDY NONEQUlblBRlUM RADIATION 

(after Rose, 1961 
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